The multi-gate transistors such as Fin-FETs, Tri-gate FETs, and Gate-all-around (GAA) FETs are remarkable breakthrough in the electronic industry. 3D Transistor is taking the place of the conventional 2D planar transistor for many reasons. 3D transistors afford more scalability, energy efficient performance than planar transistors and increase the control on the channel region to reduce the short channel effect, which enables us to extend Moore's law to further extent. In this paper, we will present a review about their structure, operation, types and fabrication.
Introduction


Since the 1970's, the electronics industry has been subjected to Moore's law. According to Moore, every eighteen months approximately the size of the transistor gets reduced to half of its original size. So, the number of transistors on the integrated circuit duplicates. Basically, a transistor is a three-terminal semiconductor device used to amplify and/or switch electronic signals and power. Either current or voltage between two of the terminals can be controlled by applying an electric current or voltage to the third terminal. A transistor can amplify a signal where the controlled "output" signal can be higher than the controlling "input" signal. Today, some transistors are packaged individually, but many more are integrated in electronic chips integrated circuits, IC's. The transistor is the fundamental building block of modern electronic devices [1, 2] .
Transistors have many different types: the planar transistors, and the non-planar transistors, including the Multi-gate transistors, called Fin-FET's, and 3D transistors. These transistors employ a single gate stacked on top of two vertical gates allowing for essentially almost three times the surface area for electrons to travel [1] . FinFET transistors reduce leakage and consume less power than planar transistors. The additional gate control enables as much transistor current flowing as possible when the transistor is in the "on" state (for performance), and nearly zero possible when it is in the "off" state (to minimize power), and enables the transistor to switch very quickly between the two states [3] . The acronym 3D here does not refer to images but to physical and novelty of a design and manufacturing technique, just as you can store more cars in a multi-storey garage than in a flat parking lot, more circuitry can be packed in three dimensions, but of course with a trade off with complex design. [1] 
Structure
Every Silicon wafer consists of hundreds of chips, each chip consists of millions of transistors, and every transistor consists of two regions called "source" and "drain". In Fig. 1 , MOSFET (metal oxide semi-conductor field effect transistor) device is illustrated, in NMOS the two regions are n-type, and separated by a p-type region called the substrate. PMOS devices are constructed in a different way where the two regions are p-type and the substrate is of n-type.
A thin layer of insulator material covers the region between the source and the drain, over it, there is a metal electrode, from which the word "Metal" came in the name "MOSFET" (metal oxide semi-conductor field effect transistor), and it is named the "gate". When a voltage is applied at the gate terminal, a channel of electrons is formed between the source and the drain, so this device acts as a voltage controlled current source [2] [3] [4] .
In tri-gate transistors, there are conducting channels on the three sides of the vertical fin. It has one gate electrode on the top and two gate electrodes on the sides, so the control of the gate increases in a way that in the "on" state current passes as much as possible, and in the "off" state current passes is almost zero. This makes the switching velocity between the two states higher, which results in a better performance for the transistor [1] . In addition, the performance advantage can be provided by the control of the effective width of the conducting channel [5] . This width is greater in 3D tri-gate transistor because it increases in the third dimension of this structure, which is the main difference between 2D (Planar) and 3D transistors without increasing the overall footprint of the transistor as shown in Fig. 2 .
By controlling the effective channel length, the short channel effect can be controlled in 3D transistors and since the fins are vertical, high packing density can be achieved by packing transistors close together, and this will result in higher performance [1] [2] [3] .
Through keeping the ratio between the effective channel length and fin width bigger than 0.5, the channel doping will decrease, impurity in channel will decrease, so volume inversion effect will increase and higher performance will be achieved specially in lower bias region [3] .
Multi-gate transistors can be fabricated on SOI substrate or standard bulk substrate. Fig. 3 shows the different ways in which the gate electrode can be wrapped around the channel region of a transistor (a) SOI Double-gate FETs: we can notice the "hard mask", which is a thick dielectric that prevents the formation of an inversion channel at the top of the silicon "fin". Gate control is exerted on the channel from the sides of the device; (b) SOI triple-gate (tri-gate) MOSFETS: Gate control is exerted on the channel from three sides of the device (the top, as well as the left and right sides); (c) SOI -gate MOSFET: Gate control is improved over the tri-gate MOSFET shown in (b) because the electric field from the sides It was found e bulk reachin [7] . Maybe he channel in usion that tricomparison m e designs [7] . 
Omega Gate
nd this is call ducts due to ubjected to in junction, c) [2] . = CV states V, the value ys to achieve e dielectric l citance betwe " is the dielect of each plate main goal here the capacita silicon fabri [2] . kness of th ween the gate , from Q = C n less charge density in the rom a higher nt for a given n, the semi duce the gate o idea as planar MOSFET, as we can consider it an advanced version of traditional MOSFET, but minimization of the transistor has some drawbacks, which affect the functionality of the transistor. Gate leakage current, tunneling leakage of carriers at high doping levels, rising power dissipation and short channel effect are some examples to these drawbacks as a result of the minimization process.
Short Channel Effects
Short channel effect is the most important drawback. It results from some consequences: the presence of a depletion region between the source and the drain results in the presence of an electric field flowing in the depletion region. This depletion region is created by the source and drain junctions occurring to shorten the effective channel length. This electric field affects the carriers flowing in the channel decreasing the gate control on them. The gate control is also influenced by the drain voltage and the distance between the source and the drain, as the drain voltage increases the effect of the electric field increases [1] [2] [3] [4] [5] . The main consequences of Short Channel effect as follows.
Velocity saturation: As we go smaller in size, the size of all parts in the transistor decreases including the length of the channel, which increases the electric field due to the inversely proportional relation of the length and the electric field E = -dv/dx. When the electric field increases the velocity of carriers increases according to the relation between electric field and charged particles V = μ*E, but this velocity will not increase infinitely, and will actually stop increasing at a specific value which is called (saturation velocity) because of increasing the rate of collision between carriers. This effect in velocity will result in channel mobility degradation, which will affect the flow of current in the channel region decreasing the performance of the transistor [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Punch through: It is the merging between the depletion regions of the drain and the source into a single depletion region [12] . The field flowing through the depletion region affects the current passing through the channel and the drain voltage becomes the dominant voltage affecting the current. Punch through can be minimized by several methods, the first method is decreasing the thickness of the oxide, which provides more control for the gate voltage over the channel current, the second method is increasing the substrate doping, which prevents the merging of the depletion regions of the source and the drain, and other method is using shallower junctions which confines the depletion regions making the linkage more difficult [11] .
Surface scattering: It is the degradation in the surface mobility of the channel carriers to half of that of the bulk region due to the vertical component of the electric field causing the collision with the interfacing surface between the channel and the bulk region [11] .
Relation between Threshold Voltage and Channel Length
The threshold voltage is the least gate-to-source voltage capable of creating a conducting channel by attracting bulk charges that causes channel inversion [2] . In small dimensioned MOSFETs, the actual threshold voltage is less than that calculated value estimated by the standard equation, because the equations assume that all the bulk charges attracted to generate the channel are due to the gate voltage only, while some charges are attracted due the electric field generated by the PN junction charges at the source and the drain [11] .
Another factor affecting the threshold voltage is hot carriers degradation which means that there are high energy electrons penetrating the oxide and getting trapped and accumulated there, decreasing the device characteristics by increasing the channel field thus decreasing the threshold voltage [11] .
It was found that in tri-gate NMOS 22 nm technology that the threshold voltage is less than that of tri-gate NMOS 32 nm technology, it also has a faster increase with the drain voltage because it provides the gate with more control [11] .
3D Multi-gate Transistors: Concept, Operation, and Fabrication 6 3.2.3 Electrostatic Control of Channel A MOSFET device is free of short-channel effects if the gate length is at least 4 to 6 times larger than the natural length of the device. λ is the natural length that refers to the potential distribution of the whole structure [5] . It represents the field lines penetration from the source and the drain in the channel region. From Poisson's equation, the natural length is given by:
where, "n" is the equivalent number of gates (n = 2 for a double gate device, n = 3 for a tri-gate device, n = 4 for a GAA transistor), ε si is the electrical permittivity of the channel, ε ox is the electrical permittivity of the gate dielectric, t si is the film thickness and t ox is the gate dielectric thickness [13, 14] .
Quantum Effects
The continuous decrease of the device dimensions leads to the appearance of Quantum effects, like Quantum confinement, volume inversion, and current oscillation, which introduces new challenges in device physics and modeling [15] . Carriers in narrow triple or quadruple FETs are confined in two directions (y and z), which are perpendicular to the direction of carriers flow x, as shown in Fig. 5 . We can neglect the confinement effects if the wire was large enough, but in smaller section FETs, this confinement causes electron distribution that differs from the predicted one from classical theory [16] .
In the planar or wider multi-gate FETs, inversion layers are localized at the surface of the silicon film, but in narrower wires it can be found in the center of the film. This causes the phenomenon of "volume inversion" which affects the mobility and threshold voltage behaviors [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Volume inversion is a phenomenon that happens to very thin film multi-gate SOI MOSFETs, in this case the inversion carriers are not confined near the surface of the film, but at its center [17] . The carriers concentration profile at V G = V TH + 0.7 in tri-gate SOI transistors in strong inversion for different square cross sections [15, 16] .
Confinement raises the formation of sub-bands. As the gate voltage increases, the electron concentration increases, so a larger number of sub-bands become populated. All these factors lead to inter-sub-band scattering between electrons from different energy sub-bands [15] . Inter-sub-band scattering increases with each new sub-band that becomes populated, which results in mobility reduction. Therefore, oscillations of the drain current occur, when the gate voltage is increased. Current oscillations can be observed as a function of gate voltage, when the drain voltage is not significantly larger than the energy separation between sub-bands, which is expressed by "ΔE" divided by the electron charge "q" [15] [16] [17] [18] [19] .
Tri-gate Impact on I-V Characteristics
For large dimensions (as in 90 nm technology), the ratio between the drain to source current and the simple gate transistor value is 1.1:1, while for smaller dimensions (as in 22.5 technology) the ratio between them is 1.44:1 [20, 21] .
A new revolutionary speed and gain performance introduced at FPGAs based on 22 nm 3D tri-gate technology. These FPGAs will operate 37% faster at low power compared to 32 nm planar FPGAs, and will save more than 50% of the power consumed, which makes them suitable in handheld devices as they can operate at less energy, but would still have poor gate delay at low voltage [3] . That's how the problem of leakage current flowing through the channel when the gate voltage equals zero seems to be solved; as lower amount of it flows through the channel of the tri-gate transistors than that flowing in planar transistors. The dynamic power is reduced with reducing the transistor channel dimensions, which means that the technology of 3D tri-gate improves the control over static and active power dissipations of FPGAs [3] .
Fabrication
Fabrication Materials and Technology
A metal gate, in the context of a lateral metal-oxidesemiconductor MOS stack, is just that the gate material is made from a metal. The primary criterion for the gate material is that it is a good conductor. For decades the industry has been moving away from metal (most typically aluminum evaporated in a vacuum chamber onto the wafer surface) being used as the gate material in the MOS stack, due to fabrication complications [22] . A material called poly-silicon was used to replace aluminum because the threshold voltage and the drain to source on-current is modified by the work function difference between the gate material and channel material. Because poly-silicon is a semiconductor, its work function can be modulated by adjusting the type and level of doping [23] , the silicon dioxide -SiO 2 -interface has been well studied and is known to have relatively few defects. By contrast, many metal-insulator interfaces contain significant levels of defects, which can lead to Fermi level pinning, charging, or other phenomena that ultimately degrade the device performance, fabrication processes where the initial doping requires very high temperature annealing. Metal gates would melt under such conditions whereas poly-silicon would not. Using poly-silicon paved the way for a one-step process of etching the gates compared elaborating multi-steps that we see today in metal-gate processes [24] .
While poly-silicon gates have been the de facto standard for the last twenty years, however, they do have some problems, which have led to their likely future replacement by metal gates. Poly-silicon is not a great conductor, which reduces the signal propagation speed through the material. The resistivity can be lowered by increasing the level of doping, but even highly doped poly-silicon is not as conductive as most metals. To improve conductivity further, sometimes a high-temperature metal such as tungsten, titanium, cobalt, and more recently nickel is alloyed with the top layers of the poly-silicon. Such a blended material is called silicide. The silicide-poly-silicon combination has better electrical properties than poly-silicon alone and still does not melt in subsequent processing. Also the threshold voltage is not significantly higher than with poly-silicon alone, because the silicide material is not near the channel [25] . From the 45 nm node onwards, the metal gate technology returns, together with the use of high-dielectric (high-k) materials, pioneered by Intel developments.
One of the problems in the planar MOSFET was the quantum tunneling effect when reducing the insulator (normally SiO 2 ). One of the solutions applied in the tri-gate manufacturing was using high-k material other than SiO 2 whose k = 3.9 but using high-k materials with 3D Multi-gate Transistors: Concept, Operation, and Fabrication 8 poly-Si had two effects. Firstly, high-k dielectrics and poly-Si are incompatible due to the Fermi level pinning at the poly-Si/high-k interface [26] , which causes high threshold voltages in MOSFET transistors. Secondly, the coupling of low surface optical phonon modes, which results from the polarization of high-k dielectric, reduces the electron mobility [27] . This was partly solved by metal/high-k junction at the gate as the metal prevents the coupling of the phonons to the channel under certain conditions improving the mobility [28, 29] like Hafnium dioxide -HfO 2 -high-k/TiN metal gate but still the problem of high threshold voltage, also it requires definite type of n-channel and p-channel materials of certain work function for high performance CMOS logic [30] . Now Intel has engineered n-type and p-type metal electrodes that have the correct work functions on the high-K for high-performance CMOS [27, 31] .
Fabrication Process Overview
In general, both planar and multi-gate transistors share same fabrication processes, but the main difference is how these steps are applied to produce a specific device with its specifications, like length, width, etc. The process steps for devices fabrication will be briefly explained, and then there will be a focus on the main types of multi-gate transistor.
4.2.1 Planar MOSFET Device fabrication process has some major steps that are generally needed to manufacture a transistor device, whether planar or 3D multi-gate; but in multi-gate, these steps are extended much more to achieve the new design of it. Starting by the planar MOS transistor fabrication, detailed process steps are shown in Fig. 6 [32, 33].
The process starts with a silicon substrate that faces thermal oxidation to end up with a thin SiO 2 layer. The entire oxide surface is covered with a layer of a photo-resistive material, essentially light sensitive called photoresist. The photoresist is initially insoluble during the development (Figs. 6a-b) .
The photoresist is then exposed to ultraviolet light.
The exposed areas become soluble and are no longer resisting the etching chemicals or etching solvents. To control the soluble areas over the surface, masks are used. Those masks cover some areas of the photoresist and leave other areas uncovered. Thus, when the mask on top is exposed to UV light, areas which are covered by the opaque features on the mask are shielded and insoluble, while other uncovered areas (which UV passes through) become soluble (Fig. 6c) .
There are two types of photoresists: positive and negative photoresists. Positive photoresists are initially insoluble and become soluble after UV exposure. Negative photoresists are initially soluble and become insoluble after UV exposure. Negative photoresists are more sensitive to light, but their photolithographic resolution is not as high as that of the positive photoresists. Therefore, negative photoresists are used less commonly in the manufacturing of high-density integrated circuits.
After the exposure step, the exposed areas of the photoresist can be easily removed by a solvent (chemical reaction happens), then the silicon oxide areas that are not covered by the insoluble/hardened photoresist can be etched (removed) by a chemical solvent, such as Hydrofluoric acid. After etching the silicon dioxide by a solvent, an access called "window" becomes available directly to the silicon substrate (Figs. 6d-e) .
The remaining photo-resistive areas can be easily stripped by another solvent leaving the rest of the patterned silicon oxide feature over the silicon substrate (Fig. 6f) .
Then, the resulting surface is covered by a thin high quality oxide. This oxide will eventually form the gate oxide (insulator) for this MOS transistor. After that, another layer of poly-silicon (metal) is used on top of the previous Gate thin high quality oxide (Figs. 6g-h) , then the gate electrode is made according to the desired specifications and dimensions, so the poly-silicon is patterned and etched away in the sub-sequence of steps shown in Figs. 6i-l. including the structure, operation, and fabrication. On account of the continuous advancement of VLSI designs and architectures, and the pursuit of more speed and ultra-low power electronics chips, the traditional planar MOSFET device became the bottleneck of the growing demand for larger Systems on Chip. The drawback of the planar transistors was illustrated, like the short channel effect when decreasing the channel length of the device. The idea of Multi-gate FETs became the ideal solution to the negative effects of channel decreasing of planar MOSFET. The different structures and their fabrication techniques of Multi-gate devices provide chip makers with devices with small channel length, and faster switching efficient speed operation, and lower power consumption, due to the much better control over the device channel. Hereunder, it solved the problems of short channel effects, and gave us a chance to decrease the device size, and optimize the usage of die size in chip fabrication, or even give designer the promise for more functionality over same chip size.
